
NL-znz ANL-7117 

I 
Slrgonne Bational Xaboratorg 

INSPECTION, EVALUATION, AND OPERATION 
OF THE EBWR REACTOR VESSEL 

by 

N. Balai, C. R. Sutton, 
E. A. Wimunc, and R. F. Jones 



L E G A L N O T I C E 
This report was prepared as an account of Government sponsored work. Neither the United 
SUtes nor the Commission, nor any person acting on behalf of the Commission: 

A Makes any warranty or represenUUon. expressed or Implied, with respect to the accu
racy completeness, or usefulness of the InformaUon contained In this report, or that the use 
of any InformaUon. apparatus, method, or process disclosed in this report may not infringe 
privately owned rights; or , , , ,u 

B. Assumes any liabilities with respect to the use of. or for damages resulUi* from the 
use of any information, apparatus, method, or process disclosed In this report. 

As used in the above, "person acting on behalf of the Commission" Includes any em
ployee or contractor of the Commission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee of such contractor prepares, 
disseminates, or provides access to. any Information pursuant to his employment or contract 

1 with the Commission, or his employment with such contractor. 

Printed in USA. Price $3.00. Available from the Clearinghouse for Federal 
Scientific and Technical Information, National Bureau of Standards 

U. S. Department of Commerce, Springfield, Virginia 



ANL-7117 
Reactor Technology 
(TID-4500, 46th Ed.) 
AEC Research and 

Development Report 

ARGONNE NATIONAL LABORATORY 
9700 South Cass Avenue 
Argonne, Illinois 60440 

INSPECTION, EVALUATION, AND OPERATION 
OF THE 

EBWR REACTOR VESSEL 

by 

N. Balai, C. R. Sutton, E. A. Wimunc 

Reactor Engineering Division 

and 

R. F . Jones , 

Reactor Operations Division 

November 1965 

Operated by The University of Chicago 
under 

Contract W-31 -109-eng-38 
with the 

U. S. Atomic Energy Commission 





TABLE OF CONTENTS 

Page 

ABSTRACT 

I. INTRODUCTION ^ 

A. History of EBWR ^ 

B. History of Reactor P r e s s u r e Vessel 9 
1. Reactor Vessel Fabrication " 
2. Cladding P roces s and Integrity " 
3. Operating Conditions and Duration " 

C. Nondestructive Inspection 

D. Summary of Initial Findings 
1. Reactor Vessel Cladding 
2. Four- inch-thick Lower-head-plate Remnant 10 
3. Crescent-shaped Vessel Plug 1' 
4. Two-inch-thick Prac t ice Plate ^^ 

1 3 
E. Statement of Problem 

II. INVESTIGATIONS AND RESULTS 1^ 
14 

A Nondestructive Examinations 
14 

1. Conical Ring Forging 
2. Closure Bolting 
3 Vessel Cover Plate '"* 

• 15 
4. Cylindrical Section 

B. Destructive Examinations 
1. In-situ Grinding Explorations of Vessel Cladding. . . . 15 
2. Vessel Samples 
3. Other Mater ia ls Inspected ^^ 

19 
C. Supporting Examinations 

1. Chemical Composition of Cladding Materials 19 
2. Chloride Analysis 
3. Metallography 
4. Hardness Surveys 
5. Induced Crack Tests 

37 
D. Poss ible Cracking Mechanisms 

1. Chloride S t r e s s - co r ros ion Cracking 
2. T h e r m a l - s t r e s s and Fat igue-fai lure Mechanisms. . . . 41 



T A B L E O F C O N T E N T S 

P a g e 

m . EVALUATION ^^ 

A. F r a c t u r e Ana lys i s 

B. C o r r o s i o n of S A - 2 1 2 - B '^9 

C. Change in Des ign P r e s s u r e Ra t ing 49 

IV. REACTOR VESSEL SURVEILLANCE P R O G R A M 51 

A. P r e p a r a t i o n of V e s s e l for S u r v e i l l a n c e 51 

B. Cladding S u r v e i l l a n c e 5^ 

C. SA-212-B V e s s e l S tee l S u r v e i l l a n c e 52 

D. C o r r o s i o n Su rve i l l ance 53 
1. G e n e r a l C o r r o s i o n 53 
2. P i t t ing At tack 5 3 
3. Galvanic C o r r o s i o n 54 

E. Schedule 55 

F . W a t e r - c h e m i s t r y P r o g r a m 55 

V. CONCLUSIONS 56 

ACKNOWLEDGMENT 57 

R E F E R E N C E S 57 



LIST OF FIGURES 

NO, l i l l l ^ 

1. Orientation of Reactor-vesse l Cladding Panels Showing ^^ 

Location of Boat and Strip Specimens 

2. Crescent-shaped Vessel Plug after Dye-penetrant Testing 12 

3. Two-inch-thick Prac t ice Plate after Dye-penetrant Testing . . . 13 

4 Panel Showing "Thumb Pr in t s" Character is t ic of Method of 

Cladding,Dye-penet rant Indica t ionsof Cracking and Half- ^^ 

coupling Used in P r e s s u r e Testing 

5. Appearance of the Panel Having Greatest Amount of Cladding ^^ 
Ground Away 

18 
6. Typical Panel after Removal of Boat Sample 
7. Through Cracks Apparently Originating at the SA-21 2-B/Type ^^ 

304 Stainless-s teel Interface 

8. Unsurfaced Cracks Apparently Unrelated to Through Cracks . . 25 

9. Lamellar Cracks , Parallel ing the Cladding Surface 

10. Ar res t of Forced-crack Propagation by Weld Nugget due to ^^ 
Absence of Continuous Grain Boundaries 

11 Cracks Radiating from the Weld Kernel 

12 Cracks Originating at the Type 304 Stainless-s teel Surface . . . 29 

13. Cracks Originating at the Interface and Part ial ly Propagated ^^ 
toward the Surface 

14 Microcracks m Surface of SA-212-B Plate 
15. Intrusion of Type 304 Stainless Steel into Pre-exis t ing Micro- ^^ 

cracks of SA-212-B Plate 

16. Decarburized Zone of SA-212-B Plate at Type 304 Stainless- ^^ 

steel Interface 
17 Intergranular Cracking in Type 304 Sta in less-s tee l Cladding . . 33 
,8 Intergranular Cracking in Type 304 Sta in less-s tee l C l a d d i n g . . 34 

19. Continuous Carbide Network in Type 304 Stainless Steel 34 

20. Micro Hot Tea r s , Wholly Contained in Nugget 
r- ^ „c QA-717-B Plate from Reactor 

21. Typical Micro Structure of SA-21Z a i-iaie ^^ 
Vessel 

22. Typical Quenched and Tempered Structure of SA-212-B Plate^ ^ ^^ 

at Bonded Area 



LIST OF FIGURES 

N ^ Title E i i l 

23. Hardness Survey and Microstructure of Reactor Vessel Boat 
Sample (DPH) 

24. Hardness Survey (DPH) of Boat Sample from Reactor Vessel . . 39 

25. Hardness Survey of Weld Nugget Area (DPH) 40 

26. Radial Cracks at Interface between Weld Nugget and Unaltered 
Type 304 Stainless Steel 

27. Generalized Fracture-analysis Diagram, as Referenced by 
NDT Temperature ^^ 

28. Increase in NDT Temperatures of Steels Resulting from 
Irradiation at Temperatures below 450°F 48 

29. Increase in NDT Temperatures of Steels Resulting from 
Irradiation at Temperatures above 450°F 48 

LIST OF TABLES 

No. Title Page 

I, Chemical Composition of Cladding-material Samples (%) 20 

II. Summary of Chloride Analysis 21 



INSPECTION, EVALUATION, AND OPERATION 
OF THE EBWR REACTOR VESSEL 

by 

N. Balai, C. R. Sutton, 
E. A. Wimunc, and R. F. Jones 

ABSTRACT 

A program was initiated to operate the Experimental 
Boiling Water Reactor (EBWR) with a plutonlum fuel loading 
as part of the Commission 's Plutonium Recycle P rogram. 
The reactor facility had been completed in 1956 and was in 
operation until the 100-MWt experimental program was fin
ished. Prepara t ions for operating the EBWR in this new 
program included the examination of the reactor vesse l . 
The inter ior upper half of the vessel was accessible for in
spection (the lower half being inaccessible) where the exposed 
surface of the cladding was subjected to visual and dye-
penetrant examination. Minor cracks and surface decora
tions were found in the s ta in less -s tee l Type 304 cladding; 
in many instances, gas tests revealed them to be through 
c racks . 

The through cracks were ground o^t to the p r e s s u r e -
vesse l baseme ta l (SA-2 12-B) with dye-penetrant inspections 
in te rspersed during the p rocess . The grinding and inspec
tion were extended to, and slightly into, the SA-212-B base 
meta l . No evidence was found of crack propagation into the 
base metal; nor was there evidence of local pitting or gross 
generation of iron oxide (FejOj) at the clad base metal 
interface. 

As a resul t of these pre l iminary findings, a more 
extensive investigation was initiated to a s su re that cracks 
did not propagate into, or develop in, the SA-212-B carbon-
steel p r e s s u r e vesse l . This included the removal of boat 
samples from the reactor vessel for metallographic and 
chemical analysis , and the examination of s imi lar and r e 
lated ma te r i a l s . This repor t descr ibes the findings of this 
investigation, their significance, and the considerations r e 
lating to the future operation of the reac tor . 



I. INTRODUCTION 

A. H i s to ry of EBWR 

The E x p e r i m e n t a l Boil ing W a t e r R e a c t o r (EBWR) fac i l i ty w a s c o n 
s t ruc t ed to d e m o n s t r a t e the feas ib i l i ty of o p e r a t i n g an i n t e g r a t e d p o w e r 
plant u t i l iz ing a b o i l i n g - w a t e r r e a c t o r a s the hea t s o u r c e . The r e a c t o r w a s 
des igned to p roduce 20 MW of hea t in the f o r m of 6 0 0 - p s i g s a t u r a t e d s t e a m , 
which was fed d i r e c t l y to a t u r b o g e n e r a t o r , p r o d u c i n g 5 MW of e l e c t r i c i t y . 
Fu l l - power opera t ion at i ts des ign condi t ion of 20 MWt w a s r e a l i z e d in 
D e c e m b e r 1956. 

Subsequent e x p e r i m e n t s at power l eve l s up to 40 MWt i n d i c a t e d tha t 
s table ope ra t ion at p o w e r s as high as 66 MWt w a s p o s s i b l e wi th the in i t i a l 
4 - f t -d i am c o r e . This was af f i rmed in 1958 by a s h o r t - t e r m e x p e r i m e n t a l 
opera t ion of the plant at 61.7 MWt. F u r t h e r power i n c r e a s e at t h i s t i m e 
was p rec luded by the feedwater p u m p s , which w e r e o p e r a t i n g at m a x i m u m 
capaci ty . 

Ana lyses and p ro jec t ion of the e x p e r i m e n t a l da ta to a 5 - f t - d i a m c o r e 
indica ted that , with some modi f ica t ion of the c o r e s t r u c t u r e and p r e s s u r e -
v e s s e l i n t e rna l s and with addi t ional h e a t - r e m o v a l equ ipmen t , EBWR could 
ope ra t e at or nea r 100 MWt. 

In 1960, modif ica t ions w e r e m a d e to the plant to i n c r e a s e i t s p o w e r -
handling capabi l i ty to 100 MWt. This inc luded i n s t a l l a t i o n of s e v e r a l new 
nozz les in the r e a c t o r v e s s e l , including a 6- in . f eedwa te r l ine and a 10-in. 
s t e a m l ine. In 1962, the plant was o p e r a t e d at 100 MWt, and upon c o m p l e 
tion of the e x p e r i m e n t a l p r o g r a m , the plant was shut down and the bo i l i ng -
wa te r p r o g r a m at the EBWR was t e r m i n a t e d . 

In ant ic ipa t ion of r e l e a s e of the EBWR f rom the W a t e r Cooled 
R e a c t o r s P r o g r a m , the Divis ion of R e a c t o r Deve lopmen t e a r l y in 1962 
r eques t ed that Argonne p a r t i c i p a t e in the P l u t o n i u m R e c y c l e P r o g r a m with 
p a r t i c u l a r e m p h a s i s on the po r t ion of the work that would be a p p r o p r i a t e 
us ing the EBWR faci l i ty. The p r e p a r a t i o n s for o p e r a t i n g EBWR in this 
p r o g r a m included the examina t ion of the r e a c t o r v e s s e l . 

Ini t ia l ly , v i sua l and d y e - p e n e t r a n t i n s p e c t i o n s of the a c c e s s i b l e 
po r t ions of the i n t e r i o r of the v e s s e l r e v e a l e d n u m e r o u s c r a c k s in the 
r e s i s t a n c e - w e l d e d cladding of the c y l i n d r i c a l p a r t of the v e s s e l . The r e 
m o v a l of the s t e a m - c o l l e c t o r duct and the shock sh ie ld p e r m i t t e d i n s p e c t i o n 
of a p p r o x i m a t e l y half (upper c o u r s e ) of the r e a c t o r v e s s e l . All c r a c k i n g 
was found to be in the r e s i s t a n c e - w e l d e d c ladd ing . The u p p e r r ing fo rg ing , 
v e s s e l head, and n o z z l e s , which w e r e clad by w e l d - o v e r l a y t e c h n i q u e s , w e r e 
f ree of c r a c k s . 



Background information on the reactor p re s su re vessel relative 
to its fabrication, cladding process , and past operating history follows. 

B. History of Reactor P r e s s u r e Vessel 

1. Reactor Vessel Fabrication 

The EBWR pres su re vessel was designed and fabricated in 
1955-1956 in accordance with Section I, "Power Boi lers ," of the ASME 
Boiler and P r e s s u r e Vessel Code (1952 Revision). Details of design and 
construction are summarized in ANL-5607,' and the more pertinent details 
of forming, welding, and s t ress relief a re described in previous reports .^ ' ' '* 
The vessel was fabricated from SA-212-B plate, clad with AISI Type 304 
stainless steel. 

2. Cladding Process and Integrity 

The vessel plates for the shell and lower head were clad by 
intermittent spot-res is tance welding of 0.109-in.-thick, s ta in less-s tee l 
Type 304 sheet to SA-212-B plate. The plate sections were covered with 
panels of cladding (approximately 32 in. wide), which were later manually 
butt-welded to yield a continuous clad surface over the SA-212-B vessel 
steel. The cladding was resistance-welded to the base plate while both 
were submerged in water. A flow of water was maintained to the tank as 
makeup for losses due to spillage or evaporation. The square, lower head 
plate was clad in a s imilar manner before being cut into a circular blank 
for the head-forming operation. 

Integrity of the cladding on the finished vessel was established 
by leak testing. The test was performed by introducing nitrogen at 900 psi 
p ressu re between the cladding and the plate and by utilizing liquid soap on 
the exposed surface of the cladding. Sonne leakage (cracks) was detected; 
the cracks were repaired by welding prior to shipping the vessel . 

The upper-r ing forging and vessel head were clad by the 
submerged-arc process , which deposited an apparently crack-free layer 
of cladding. 

3. Operating Conditions and Duration 

Initial operation of the reactor vessel at 600-psig saturated 
(489°F) condition occurred in 1956. Operations under this condition were 
intermittent up to 1963 when power levels of 100 MWt were attained. How
ever, the major portion of the operations was at 20 MWt. 
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S e v e r a l new nozz le s w e r e i n s t a l l e d in the r e a c t o r v e s s e l d u r i n g 
the 100-MWt conve r s ion in 1959-1960. When the v e s s e l c ladding w a s i n 
spected (by us ing d y e - p e n e t r a n t ) du r ing th i s mod i f i ca t i on , no de fec t s in the 
cladding w e r e found. 

C. Nondes t ruc t ive Inspect ion 

A nondes t ruc t ive inspec t ion p r o g r a m of c o m p o n e n t s in the r e a c t o r 
p r i m a r y s y s t e m was u n d e r t a k e n in D e c e m b e r 1964 and inc luded the r e a c t o r 
p r e s s u r e v e s s e l . V i sua l examina t ions r e v e a l e d n u m e r o u s s u r f a c e d e c o r a 
t ions on the r e s i s t a n c e - w e l d e d c ladding. 

When these c r a c k s w e r e found, the ins ide of the r e a c t o r v e s s e l was 
subjected to a de ta i led inspec t ion . To gain a c c e s s i b i l i t y to the e n t i r e u p p e r 
half of the r e a c t o r - v e s s e l c ladding, the shock sh ie ld and the s t e a m - c o l l e c t i n g 
duct w e r e r emoved . Through c r ack ing of the c ladding was def in i t e ly e s t a b 
l ished by a g a s - l e a k t e s t . 

D. S u m m a r y of Ini t ia l F indings 

The r e s u l t s of nondes t ruc t ive in spec t ion on the c l add ing , v i s u a l , and 
dye -pene t r an t , a r e s u m m a r i z e d below. Also included a r e the r e s u l t s of 
examinat ions of clad spec imens which a r e s i m i l a r or i den t i ca l to the v e s s e l . 

As a consequence of t he se i n i t i a l o b s e r v a t i o n s , a t ho rough i n v e s t i g a 
tion was under taken which ut i l ized d e s t r u c t i v e e x a m i n a t i o n s of s a m p l e s to 
d e t e r m i n e whether these c r a c k s p ropaga ted into, or w e r e p r e s e n t in, the 
SA-212-B s t ee l v e s s e l wal l and to e s t ab l i sh , if p o s s i b l e , the m e c h a n i s m 
of c rack ing . 

1. Reac to r V e s s e l Cladding 

The upper cou r se of the v e s s e l is c o v e r e d by eight v e r t i c a l 
panels of cladding joined by longi tudinal we ld s . Each pane l is a p p r o x i m a t e l y 
32 in. wide by 110 in. long. F ive of the eight pane l s con ta ined s u r f a c e 
c r a c k s . Over 75% of the c r a c k s w e r e in the v ic in i ty of the s t e a m zone and 
w e r e c lu s t e r ed between the weld nuggets ad jacen t to the a r c - d e p o s i t e d 
welds joining the panel sec t ions (see F ig . 1). 

None of the submerged a r c - d e p o s i t e d c ladding of the c o n i c a l 
r ing forging and v e s s e l head was c r a c k e d . 

2- F o u r - i n c h - t h i c k L o w e r - h e a d - p l a t e R e m n a n t 

The c u s p - s h a p e d c o r n e r p i e c e s ( r e m n a n t s ) that w e r e cut f rom 
the lower head p la te before it was f o r m e d into an e l l i p s o i d a l head , w e r e 



II 

i n s p e c t e d . T h e s e p i e c e s w e r e s a l v a g e d f r o m the i n i t i a l v e s s e l f a b r i c a t i o n 
(1955). D y e - p e n e t r a n t t e s t s of the c ladd ing r e v e a l e d minor s u r f a c e c r a c k s 
s i m i l a r to t h o s e found in the r e a c t o r v e s s e l . 

f 

PANEL EDCES LINE UP WITH STUD HUWERS 

olHOICATES BOATS OF C U D 

I VESSEL HALL 

g INDICATES CLAD STRIPS. 

• INDICATES COUPLING MELDED 

TO CLADDING AT HOLES 

DRILLED THROUGH CLADDING. 

O INDICATES DEFECTS FOtWD 

NITH SOO p t i NITROGEN. 

m 14 1 19 19 iL 27 27 A 33 33 .S. 36 1 W) HO ^ 

SfW— 

STEAM 

DUCT 

NO APPARENT NO APPARENT 

LEAKS AT LEAKS AT 

600 Pti SOO pti 

Fig. 1. Orientation of Reactor-vessel Cladding Panels Showing Location of 
Boat and Strip Specimens 

3 . C r e s c e n t - s h a p e d V e s s e l P l u g 

1_ 
WORK PLATFORM 

A ere s c e n t - s h a p e d s e c t i o n of the r e a c t o r v e s s e l wa l l , r e t a i n e d 
from v e s s e l m o d i f i c a t i o n s of I960 in p r e p a r i n g the fac i l i ty for 100-MWt 
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opera t ion , was inspec ted dur ing th i s p e r i o d (1965). D y e - p e n e t r a n t t e s t s 
r evea led that the su r face of the c ladding was f ree of c r a c k s . The c ladd ing 
on this plug was p a r t of v e s s e l pane l No. 5 which was a l s o f ree of s u r f a c e 
c r a c k s (see Fig . 2). 

Fig. 2. Crescent-shaped Vessel Plug after Dye-penetrant Testing 

Two- inch- th ick P r a c t i c e P l a t e 

During the 100-MWt modif icat ion of the r e a c t o r v e s s e l in 1960, 
a 2- in . - th ick plate , s imulat ing the cy l indr ica l sec t ion of the v e s s e l (rol led 
to a 42- in . radius) was obtained from the r e a c t o r - v e s s e l m a n u f a c t u r e r . 
This 4 X 8-ft plate was fabr icated m the s ame m a n n e r as the o r i g i n a l 
v e s s e l . It was p rocured as a p r a c t i c e plate to develop the welding p r o c e 
dures for instal l ing the new nozzles in the EBWR v e s s e l . Since that t i m e , 
the p rac t i ce plate has been s tored outdoors on the ground and exposed to 
the a t m o s p h e r e . 

Dye-pene t ran t inspect ion revea led the clad s u r f a c e on th i s 
plate to be m o r e extensively c racked than the r e a c t o r v e s s e l c ladding a s 
shown in Fig. 3. In addition, a t t empts to p e r f o r m p r a c t i c e we lds on the 
cladding resu l ted in new c rack format ion and c r a c k ex t ens ion in the c ladding . 

I tems 2 and 4 desc r ibed above have neve r s e e n r e a c t o r o p e r a t i n g 
s e rv i ce or been exposed to a r e a c t o r env i ronment . 
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..*vt--^7»^ 

^V:,.,- '̂̂ -
Fig. 3. Two-inch-thick Practice Plate after Dye-penetrant Testing 

No c r a c k s w e r e found in the S A - 2 1 2 - B b a s e m e t a l of e i t h e r 
p l a t e o r plug when the c ladding was r e m o v e d and the b a s e m e t a l e x p o s e d . 

E. S t a t e m e n t of P r o b l e m % 

When c r a c k i n g was f i r s t d i s c o v e r e d in the p r e s s u r e - v e s s e l c l add ing 
it w a s a s s u m e d tha t t h i s c r a c k i n g had deve loped over the pas t 5 o r 6 y e a r s 
a s a r e s u l t of s e r v i c e c o n d i t i o n s , e .g . , r a d i a t i o n ef fec ts , t h e r m a l fa t igue , 
and p o s s i b l e s t r e s s - c o r r o s i o n c r a c k i n g . The d i s c o v e r y tha t s i m i l a r p l a t e s 
had fai led, a p p a r e n t l y to an even g r e a t e r d e g r e e , even though they w e r e not 
exposed to a r e a c t o r e n v i r o n m e n t but only to the a t m o s p h e r i c e n v i r o n m e n t , 
was c a u s e for r e - e v a l u a t i o n . In o r d e r to d e v e l o p a s a t i s f a c t o r y h y p o t h e s i s 
to accoun t for the o b s e r v e d c r a c k i n g and to p r o v i d e a s s u r a n c e tha t the 
c ladd ing c r a c k s do not i m p a i r the i n t e g r i t y of the p r e s s u r e v e s s e l , an i n 
v e s t i g a t i o n w a s i n i t i a t e d - - f i r s t , on the two p l a t e s tha t have not s e e n s e r v i c e , 
and l a t e r , a s s a m p l e s b e c a m e a v a i l a b l e , on the p r e s s u r e v e s s e l i tself . 
Th i s involved i n s p e c t i o n s of the d e s t r u c t i v e type . An ex tended i n v e s t i g a t i o n 
was c a r r i e d out p r i m a r i l y to d e t e r m i n e w h e t h e r the c ladding c r a c k s p r o p 
aga t ed into the S A - 2 1 2 - B p r e s s u r e - v e s s e l b a s e m e t a l . C o m p l e t e d e t a i l s of 
n o n d e s t r u c t i v e and d e s t r u c t i v e t e s t r e s u l t s a r e g iven in Sec t ion II. 
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II. INVESTIGATION AND R E S U L T S 

A. Nondes t ruc t ive Examina t i ons 

Two defects (holes) w e r e spot ted on the c ladding of the v e s s e l when 
a working p la t form was lowered into the r e a c t o r v e s s e l to enab le i n s p e c t i o n 
of the conical r ing forging. A s t r e a k of r u s t , d e p o s i t e d on the c ladding s u r 
face, was obse rved , which upon c l o s e r i n spec t ion r e v e a l e d two t h r o u g h - h o l e s 
in the cladding. This obse rva t ion p r o m p t e d a tho rough i n s p e c t i o n of the 
cladding in the upper half of the v e s s e l ava i l ab le for i n s p e c t i o n . 

Nondes t ruc t ive examinat ion of c ladding in the r e a c t o r v e s s e l included 
v isua l observa t ion and d y e - p e n e t r a n t t e s t s . 

1. Conical Ring Forg ing 

Ul t rasonic longitudinal and s h e a r wave e x a m i n a t i o n s w e r e 
used to es tab l i sh the in tegr i ty of the highly s t r e s s e d po r t i on of the r ing 
forging. The s e a r c h p a t t e r n s , on the v e s s e l e x t e r i o r , i nc luded : 

a. Scans of the i n t e r - b o l t hole l i g a m e n t s in the long i tud i 
nal d i r ec t ion . 

b . Scans of the i n t e r - b o l t hole l i g a m e n t s in the r a d i a l 
d i r ec t ion . 

c. C i r cumfe ren t i a l scans of p lanes i n s c r i b i n g and 
c i r c u m s c r i b i n g bolt holes in the longi tudinal d i r e c t i o n . 

d. C i r cumfe ren t i a l scan of plane i m m e d i a t e l y below the 
bolt hole bo t toms in the r ad i a l d i r e c t i o n . 

There was no evidence of c rack ing or m a t e r i a l faul ts (as 
laminat ion) . 

The a r c - d e p o s i t e d cladding was examined with d y e -
pene t ran t for poss ib le c rack ing ; none was de tec t ed . 

2. C losure Bolting 

All 44 bolt s tuds , t h readed into the c o n i c a l - r i n g forg ing , 
were examined by the u l t r a son i c - l ong i tud ina l -wave and m a g n e t i c -
pa r t i c l e t echn iques . All c l o s u r e bol ts w e r e found to be f ree of l ong i 
tudinal , r ad ia l , and t h r e a d - r o o t c r a c k s . 

3. Vesse l Cover P la te 

The cover plate was examined by u l t r a s o n i c long i tud ina l 
waves in the rad ia l and th ickness d i r e c t i o n s for i n t e r - l i g a m e n t and 
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concentric laminar cracking. In addition, every eighth bolt hole was 
magnetically examined for incipient edge cracking. The closure plate 
was found to be sound and free of c racks . 

4. Cylindrical Section 

The upper course (one-half) of the cylindrical section was 
examined, and indications of gross cracking of the spot-welded cladding 
were noted. The lower course and the lower head were inaccessible . 

It was not clear from the visual and dye-penetrant inspec
tions whether crack indications were simply surface indications or 
actual cladding c racks . To explore this condition further, destructive 
testing was inaugurated. 

B. Destructive Examinations 

1. In-situ Grinding Explorations of Vessel Cladding 

As a prel iminary to the destructive examinations, a p r e s 
sure test s imilar to that conducted upon completion of the vessel 
fabrication was made. Nitrogen at 800 psig was introduced between 
the Type 304 s ta in less -s tee l cladding panels and the SA-212-B p ressure 
shell. A soap-bubble-type test was conducted on the exposed face with 
an aqueous foaming detergent. The p ressu re test was most conclusive 
since it also revealed that the cracks breached completely through the 
(resistance-welded) cladding in many a r e a s . These cracks existed in 
five of the eight panels (see Fig. 1) comprising tlje internal cladding in 
the upper cylindrical half of the vesse l . Initially no through cracking 
was found in the three "good" panels. Subsequent dye-penetrant testing 
revealed only a small amount of very superficial cracking in two of 
these panels. The third panel had no indication of cracking. 

The arc-deposi ted weld-overlay cladding, which was applied 
to the upper- r ing forging, the underside of the vessel -head cover, and 
a reas around vessel nozzles, was also examined with the aid of a dye-
penetrant. No defects were found. 

All the cladding panels v/ere observed throughout the p r e s 
sure tes t s to guard against peeling of the cladding from the base metal . 
There was no evidence of cladding separation or other signs of failure 
at p r e s s u r e s to, and including, 800 psi . 

Almost all of the cracks followed paths between weld nug
gets, as shown in Fig. 4 (thumb print) . A few cracks , however, ei ther 
ran a c r o s s a "thumb print" or terminated in one. 
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laminat ion) . 

The a r c - d e p o s i t e d cladding was examined with d y e -
pene t ran t for poss ib le c rack ing ; none was de t ec t ed . 

2. C losure Bolting 
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pa r t i c l e t echn iques . All c l o s u r e bol ts w e r e found to be f r ee of l ong i 
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3. Vesse l Cover P la te 
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waves in the rad ia l and th ickness d i r e c t i o n s for i n t e r - l i g a m e n t and 
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concentric laminar cracking. In addition, every eighth bolt hole was 
magnetically examined for incipient edge cracking. The closure plate 
was found to be sound and free of c racks . 

4. Cylindrical Section 

The upper course (one-half) of the cylindrical section was 
examined, and indications of gross cracking of the spot-welded cladding 
were noted. The lower course and the lower head were inaccessible . 

It was not clear from the visual and dye-penetrant inspec
tions whether crack indications were simply surface indications or 
actual cladding c racks . To explore this condition further, destructive 
testing was inaugurated. 

B. Destructive Examinations 

1. In-situ Grinding Explorations of Vessel Cladding 

As a prel iminary to the destructive examinations, a p r e s 
sure test s imi lar to that conducted upon completion of the vessel 
fabrication was made. Nitrogen at 800 psig was introduced between 
the Type 304 s ta in less -s tee l cladding panels and the SA-212-B p res su re 
shell. A soap-bubble-type test was conducted on the exposed face with 
an aqueous foaming detergent. The pressure test was most conclusive 
since it also revealed that the cracks breached completely through the 
(resistance-welded) cladding in many a r e a s . These cracks existed in 
five of the eight panels (see Fig. 1) comprising tlje internal cladding in 
the upper cylindrical half of the vesse l . Initially no through cracking 
was found in the three "good" panels. Subsequent dye-penetrant testing 
revealed only a small amount of very superficial cracking in two of 
these panels. The third panel had no indication of cracking. 

The arc-deposi ted weld-overlay cladding, which was applied 
to the upper- r ing forging, the underside of the vessel-head cover, and 
a reas around vessel nozzles, was also examined with the aid of a dye-
penetrant. No defects were found. 

All the cladding panels were observed throughout the p r e s 
sure tes t s to guard against peeling of the cladding from the base metal . 
There was no evidence of cladding separation or other signs of failure 
at p r e s s u r e s to, and including, 800 psi . 

Almost all of the cracks followed paths between weld nug
gets, as shown in Fig. 4 (thumb print). A few cracks , however, either 
ran a c r o s s a "thumb print" or terminated in one. 
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Fig. 4 

Panel Showing "Thumb Prints" 
Characteristic of Method of 
Cladding. Dye-penetrant 
Indications of Cracking and 
Half-coupling Used in 
Pressure Testing 

144-738 

A m a j o r i t y of t h e t h r o u g h c r a c k s w e r e g r o u n d o u t t o t h e b a s e 
m e t a l w i t h d y e - p e n e t r a n t i n s p e c t i o n s i n t e r s p e r s e d i n t h e p r o c e s s t o e x 
a m i n e t h e c h a r a c t e r of t h e c r a c k s t h r o u g h t h e c l a d d i n g . T h e c r a c k s a p 
p e a r e d to i n c r e a s e in s i z e a n d i n n u m b e r a s t h e c l a d d i n g w a s g r o u n d o u t , 
s u g g e s t i n g t h a t t h e c r a c k s m a y h a v e o r i g i n a t e d a t t h e i n t e r f a c e b e t w e e n 
t h e c l a d d i n g a n d t h e b a s e m e t a l . T h i s w a s g e n e r a l l y t r u e f o r c r a c k s that 
e x t e n d e d a l l the w a y t h r o u g h t h e c l a d d i n g , b u t i t c a n n o t b e d e f i n i t e l y s t a t e d 
fo r a l l s u c h c r a c k s s i n c e it w a s f o u n d t h a t m a n y of t h e c l a d d i n g c r a c k s 
s t a r t e d a t a p o i n t r e m o t e f r o m t h e i n t e r f a c e , s u c h a s a t t h e w e l d n u g g e t . 
It s h o u l d b e p o i n t e d o u t , h o w e v e r , t h a t t h i s c h a r a c t e r i s t i c of t h e c r a c k s 
c o u l d a l s o r e s u l t f r o m a c h a n g i n g s t r e s s p a t t e r n i n t h e c l a d d i n g a s m a 
t e r i a l w a s r e m o v e d . A p p r o x i m a t e l y 40 l i n e a r f e e t of c r a c k s w e r e g r o u n d 
ou t a n d e x a m i n e d i n t h e a b o v e m a n n e r . T h e s u r f a c e w a s c a r e f u l l y c l e a n e d , 
a n d d y e - p e n e t r a n t t e s t i n g w a s c o n t i n u e d m t o t h e b a s e m e t a l ( a p p r o x i m a t e l y 
0 .010 to 0 . 0 1 5 m . d e e p ) . N o e v i d e n c e of c r a c k i n g of the b a s e m e t a l w a s 
f o u n d . T h e r e w a s a l s o n o e v i d e n c e of p a r t i n g i n t h e r e s i s t a n c e w e l d s 
b o n d i n g t h e c l a d d i n g to t h e v e s s e l w a l l . 
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Approximately 30 sq in. of the SA-212-B steel behind the 
cladding became available for examination when str ips of cladding were 
removed for chemical analyses. Other a reas of the shell wall were un
covered when the exploratory grinding operations removed fragments of 
cladding bounded by crack interfaces. The appearance of the panel having 
the most amount of metal ground away is shown in Fig. 5. In all exposed 
a reas , the carbon-s teel wall was found to be covered with a thin film of 
black oxide (probably Fe304). No pitting attack or red oxide (FejOj) was 
found. The interface side of the cladding, nominally in contact with the 
SA-212-B, was also covered with a thin, adherent, black oxide film and 
was free of reddish-brown iron rust . 

Fig. 5 

Appearance of the Panel Having 
Greatest Amount of Cladding 
Ground Away 

144-736 

2. Vessel Samples 

The types of cladding samples removed from the wall of the 
reactor p re s su re vessel for examination were (a) boat samples and 
(b) s t r ip samples . 



a. Boat Samples 

Alundum gr inding w h e e l s w e r e u s e d to cut t h r o u g h the 
cladding. This was followed by two 45° angle cu t s into the S A - 2 1 2 - B s t e e l 
with a c i r c u l a r s l i t t ing saw ( l i in . d i am by 0.025 in. t h i ck ) . The ob jec t was 
To obta n some of the b a s e m e t a l along wi th the c ladding for m e t a l l o g r a p h i c 
examina t ions m de t e rmin ing whe the r any c r a c k s in the ^ a - ^ ^ f J " ; 
p r e s e n t . Infr ingement on the SA-212-B (base me ta l ) wa l l did not e x c e e d 
l / s in. in depth. 

Boat s a m p l e s , a p p r o x i m a t e l y 1/2 in . wide by Z^ in . long 
(see F ig . 6) were cut f rom the upper po r t ions of pane l s 1, 3, 5, and 8 to 
obtain r e p r e s e n t a t i v e s a m p l e s of different d e g r e e s of c r a c k i n g m the 
cladding. Pane l 1 contained the m o s t c r a c k s , and panel 8 the l e a s t . M e t a l 
lographic examina t ions w e r e m a d e on these boat s a m p l e s . The r e s u l t s of 
t h e s e , as well as s a m p l e s obtained from other suppor t ing m a t e r i a l s , a r e 
r epor t ed l a t e r . 

144-804 

Fig. 6. Typical Panel after Removal of Boat Sample 
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b. Strip Samples 

Strip samples of cladding approximately 1/2 in. wide by 
8 in. long were removed from the vessel wall for chemical analyses. 
These samples were removed from all panels. Sampling areas between 
adjacent rows of spot-welds were chosen so that cladding mater ia l did not 
contain any SA-212-B carbon steel . 

The chemical analyses of these vessel-cladding samples 
are tabulated in Table I, along with the analyses of samples from the 
2-in. pract ice plate, the 4-in. remnant plate, and the permissible ASME 
code values. 

3. Other Materials Inspected 

a. Four-inch-thick Lower-head-plate Remnant 

This plate contained cracks in its cladding. Samples 
of the cladding were milled off for chemical analyses, and the resul ts 
are tabulated in Table I. 

b. Two-inch-thick Pract ice Plate 

The history of this plate was presented ear l ie r , along 
with findings on prel iminary examinations, which revealed numerous 
surface cracks in the cladding. Portions of the s ta inless-s teel cladding 
were removed for determining the chemical composition. Scrapings 
were taken from the interface surfaces to determ^ine the chloride content. 
Results of these samplings a re tabulated in Tables I and II, respectively. 

c. Reactor-vesse l Plug 

The crescent-shaped section of the reac to r -vesse l wall, 
retained from vessel modifications of I960, was inspected. Although no 
cracks were found in the cladding, chemical analyses were made on the 
interface oxide layer for chlorides. Results a re given in Table II. 

C. Supporting Examinations 

1. Chemical Composition of Cladding Materials 

Spectrochemical analyses of the cladding samples for the 
residual elements (Mo, W, Ti, Al, and Cu) showed none present in ab
normal concentrat ions. No deleterious amounts of the heavy metals 
(Pb, As, Sn, Bi, and Sb) were found. 
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The chemical analyses revealed that the cladding met the 
Boiler Code Materials requirements except for sulfur. The slightly 
higher sulfur content of the vessel cladding contributes sulfide inclu
sions but is not believed to be otherwise injurious. 

The results, together with the permissible range for Type 
304 stainless steel, SA-240 plate material (1952 edition of Section II 
of the ASME Code) are presented in Table I. 

TABLE I. Chemical Composition of Cladding-material Samples (%) 

Permiss ible 
From From SA-240 Plate 

Reactor Vessel From 2-in. Plate 4-in. Plate Type 304 

C 

Mn 

Si 

Cr 

Ni 

S 

0.06-0.07* 

1.48-1.51* 

0.46 

17.95-18.29 

9.98-10.8 

0.035 

0.050-0.046 

1.28 

0.38 

17.5 

8.7 

0.060 

1.63 

0.53 

18.8 

9.8 

0.08 max 

2.0 max 

1.0 max 

18.0-20 

8.0-12.0 

0.030 max 

Range of composition of samples from vessel wall. 

Average composition of nine samples from vessel wall. 

2. Chloride Analysis 

The cladding process at the fabricator 's plant consisted of 
resistance-welding the stainless steel to the base plate while both were 
submerged in water. Softened water was used to remove the heat of weld
ing. Since the softening process does not remove chlorides from the 
water, some chloride ions may have been trapped at the interface during 
the welding process. 

Attempts were made to obtain samples of the thin oxide film 
on the SA-212-B vessel wall after the cladding was removed for chloride 
analysis. The extremely adherent, hard, dense film defied all removal 
efforts suitable for sampling. Chemical analysis of drillings from 
pressure-vessel boat samples were used instead and revealed the p r e s 
ence of chlorides as shown in Table II. 
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TABLE II. Summary of Chloride Analysis 

Chloride Sodium Sample Area, 
Source Material Sample Location Content, (ig Content sq in. 

Vessel boat Panel l - - top 6^:5 -0.25 
samples --bottom 55 + 25 

Panel 3--top 60 ± 25 
--bottom 425 + 25 

Panel 5--top 170 ± 25 
--bottom 13 + 5 

2-in.-thick Approximately 5 ppm 1.6 ppm -1-0 
practice plate center of 20 x 

24 in. section; 
one edge in con
tact with ground 
during 5 years 
of outdoor 
storage 

4-in.-thick 
lower-head-
plate remnant 

2.2 ppm V ppm ~1.0 

Crescent-shaped 0-6 PP"^ ~^-° 
vessel plug 

By ANL Chemistry Division. 

Samples of the interface deposit were also obtained from the 
2-in.-thick pract ice plate, the lower-head-plate remnant, and the r eac to r -
vessel plug. These samples were taken to determine whether a sufficient 
concentration of chlorides was present at the interface to cause s t r e s s -
corrosion cracking at t empera tu res up to 120°F (August sun in Illinois). 
About one square inch of cladding in the unbonded region of each sample 
plate was milled away. The iron oxide at the interface was carefully 
collected and analyzed for chloride ion content. A 150-ml sample-p lus-
solvent showed 5 ppm of chlorides and 1.6 ppm of sodium. By making 
several assumptions (reasonable, but not necessar i ly valid) as to the 
thickness and density of the oxide layer , it has been calculated that the 
oxide itself contained about 3/4% chloride ion. 

It is known from work by S. P . Rideout, ' that some oxide films, 
notably AI2O3, have the ability to concentrate chlorides by large factors 
(in the order of 10 to 100). Concentration factors necessa ry to produce 
3/4% C r a r e , however, greater than would normally be expected. 
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E x p e r i m e n t s w e r e conduc ted a t A N L to l e a r n if Fe203 o r 

Fe304 would a d s o r b c h l o r i d e ion (Cl") p r e f e r e n t i a l l y f r o m w a t e r c o n -

ta ining sod ium c h l o r i d e . 

Although t h e r e was a s l igh t i nd i ca t i on of a d s o r p t i o n of 
ch lo r ide by the Fe^O,, the amoun t was a l m o s t wi th in the r a n g e of e x -
; e r m e n t a [ e r r o r , U ^ o def ini te c o n c l u s i o n can be ^ ^ '^^^ - J - ' J ^ 
a d s o r p t i o n has o c c u r r e d . In any event , m o s t of the c r a c k s ^^'^^^^^^ 
ding of the 2 - m . p r a c t i c e p la te s t a r t e d at the o u t e r s u r f a c e of the s t a i n 
l e s s s t ee l , a p p a r e n t l y inva l ida t ing th i s m e c h a n i s m in th i s c a s e . 

The a n a l y s e s a r e be l i eved to g r o s s l y o v e r - e s t i m a t e the 
ac tua l con ten ts of c h l o r i d e s by v i r t u e of a c c i d e n t a l c h l o r i d e c o n t a m i n a 
t ion for r e a s o n s given in the following p a r a g r a p h s . 

a. V e s s e l Boat S a m p l e s 

The boat s a m p l e s w e r e in i t i a l ly m o u n t e d in a c o l d -
set t ing epoxy p la s t i c for p r e l i m i n a r y m e t a l l o g r a p h i c e x a m i n a t i o n s . 
L a t e r , t he se s a m p l e s w e r e m e c h a n i c a l l y r e c o v e r e d f r o m the h a r d e n e d 
p las t i c mount and d i s so lved in c o n c e n t r a t e d n i t r i c ac id for c h l o r i d e 
d e t e r m i n a t i o n s . Since c h l o r i d e s a r e a l m o s t a u n i v e r s a l c o n t a m i n a n t , 
the r e s i n and the p o l y m e r i z i n g c a t a l y s t p r o b a b l y con t a ined c h l o r i d e c o n 
t a m i n a n t s . The wide v a r i a t i o n in c h l o r i d e con t en t s ( f rom 6 to 425 ^lg) 
a r e thus be l i eved to r e f l ec t the v a r i a t i o n in a c c i d e n t a l c o n t a m i n a t i o n in 
the annuli of the boat s a m p l e which v a r i e d in t h i c k n e s s f r o m z e r o in the 
bond r eg ion to 0.003 in . be tween ne ighbor ing s p o t - w e l d s and b e t w e e n 
rows of s p o t - w e l d s . 

b . T w o - i n c h - t h i c k P r a c t i c e - p l a t e Sample 

Cladding, of a p p r o x i m a t e l y one s q u a r e inch in a r e a , 
was r e m o v e d f rom the p la te by m i l l i n g for the r e c o v e r y of i n t e r f a c e 
d e p o s i t s . Unlike that of the r e a c t o r v e s s e l , the d e p o s i t found w a s r e d -
b rown r u s t , which was r e c o v e r e d for a n a l y s i s . The a n a l y s i s s h o w s a 
c h l o r i d e - t o - s o d i u m r a t i o t h r e e t i m e s that for NaCl and i n d i c a t e s c e r 
ta in c o n t a m i n a t i o n . Since th i s p la te was s t o r e d o u t d o o r s for s e v e r a l 
y e a r s , c a p i l l a r y f o r c e s had a m p l e o p p o r t u n i t i e s to c o n c e n t r a t e n a t u r a l 
and i n d u s t r i a l c o n t a m i n a n t s f rom the ground and r a i n f a l l . 

c. F o u r - i n c h - t h i c k L o w e r - h e a d - p l a t e R e m n a n t 

S i m i l a r to the p r a c t i c e p l a t e , the l o w e r - h e a d - p l a t e 
r e m n a n t a l s o had c ladding r e m o v e d by mi l l i ng ( a p p r o x i m a t e l y one 
s q u a r e inch) for r e c o v e r y of i n t e r f a c e d e p o s i t s . The d e p o s i t s w e r e 
found to be r e d - b r o w n r u s t with a c h l o r i d e - t o - s o d i u m r a t i o o n e - t h i r d 
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that of the stoichiometric ratio for NaCl. This plate had also been stored 
outdoors for an even longer period of time than the 2-in.-thick practice 
plate. 

d. Crescent-shaped Vessel Plug 

The reactor vessel plug remaining from the 100-MW 
modifications to the vessel was also milled for recovery of interface 
deposits . In this case the deposits were black iron oxide with a much 
lower chloride content than the other samples. The plug had been ex
posed to the elements for only about a year, which substantiates the 
hypothesis that the 2-in. sample plate and the 4-in. lower-head-plate 
remnant were contaminated to some degree by outside storage. 

The chloride content at the cladding interface was not 
established conclusively because the measured ratios of chloride to 
sodium are at wide variance with each other and with the stoichiometric 
ra t ios . The actual chloride concentration is believed to be substantially 
lower than indicated. 

3. Metallography 

Boat samples, approximately 2^ in. long, were prepared for 
metallographic examination. These were taken fronn the reactor vessel 
shell (from panels 1, 3, 5, and 8--see Fig. 1) from the 4-m. lower-head-
plate remnant, and from the 2-in. practice plate. 

As-polished and etched samples were exammed fo'" d^|^"l^ 
of cracking and metal s t ructure in and near th% weld nuggets A 10% 
oxalic acid etch was utilized to reveal structural details in the SS 
Type 304 cladding; a 2% Nital etch brought out the details in the SA-
212-B carbon steel . 

Cracks in the AISI Type 304 s ta inless-s teel cladding are 
intergranular except for a few hot t ea r s in the interior of some of the 
weld nuggets. 

Metallographic examination and Strauss Reagent testing 
shows that the stainless steel is severely sensitized; i .e. , chromium 
carbide has precipitated at the gram boundaries to form an envelope. 
This phenomenon is brought about by subjecting austenitic stainless 
s t e e l L tempera tures m the range of 900-1500°F. The most cri t ical 
temperature range is 1150-1200°F. The degree of P"-^"P^'^'^"" ' ^ / ' ^ ° 
a function of t ime. During s t ress relief of the vessel , the cladding was 
held at 1150-1200°F for at least 9 hr and was in the temperature range 
above 900<'F for at least an additional 6 hr during heating and cooling. 



The m e t a l l o g r a p h i c da ta f r o m S A - 2 1 2 - B plates , clad with 
t h e me ta i i og v p r i z e d and i l l u s t r a t e d h e r e w i t h . 

SA-240 Type 304 s t a i n l e s s s t e e l , are s u m m a r i 

a. Crack ing Modes 

(1) V e s s e l Cladding 

T h r e e types of i n t e r n u g g e t c r a c k s w e r e o b s e r v e d in 

the wrought cladding m a t e r i a l . 

(a) Through c r a c k s , which w e r e w i d e r at the i n t e r 

face, appear ing to o r ig ina te at the i n t e r f ace ( F i g . 7). 

*'-3 -' . 

42285 

Fig. 7. Through Cracks Apparently Originating at the SA-212-B/Type 304 
Stainless-steel Interface 

(b) P a r t i a l l y - d e v e l o p e d and u n s u r f a c e d c r a c k s , 
appa ren t l y u n r e l a t e d to the p r e s e n c e of the th rough c r a c k s (F ig . 8). 
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8636B 
Fig. 8. Unsurfaced Cracks Apparently Unrelated to Through Cracks 

(c) 
L a m e l l a r c r a c k s , p a r a l l e l i n g t h e c l a d d i n g s u r -

>,i = s w e l l a s i n r e g i o n s c o n t a i n i n g 
f a c e s i n a p p a r e n t l y h o m o g e n e o u s m e t a l , a s w e l l m g 

i n c l u s i o n s ( F i g . 9 ) . 
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Fig. 9. Lamellar Cracks. Paralleling the Cladding Surface 

These me ta l l og raph i c s tud ies l a r g e l y c o n f i r m e d the 
r e s u l t s of the de s t ruc t i ve gr inding exp lo ra t ions ins ide the r e a c t o r v e s s e l . 
They r evea l ed that the cladding f rom panel No. 5 which was b e l i e v e d to be 
" c r a c k - f r e e , " as d e t e r m i n e d by su r face d y e - p e n e t r a n t e x a m i n a t i o n s , 
contained n u m e r o u s unsur faced c r a c k s . 

Examina t ions of the cladding nuggets r e v e a l e d a r e g i o n 
of g rea t complexi ty in both the s t a i n l e s s - s t e e l cladding and S A - 2 1 2 - B m a 
t e r i a l s (see F i g s . 9 and 10). In a l l c a s e s , only the SS 304 c ladding m a t e r i a l 
in the nugget a r e a had been m e l t e d by the p a s s a g e of welding c u r r e n t . Al l 
the nuggets contained a dendr i t i c k e r n e l which was o r ig ina l ly wrough t c l a d 
ding. Ke rne l s w e r e i s l ands of cas t m a t e r i a l bounded by wrought s t a i n l e s s 
s t ee l . Type 304 cladding, and the SA-212-B s t ee l . The wrought c ladding 
sur rounding the cas t k e r n e l conta ined n u m e r o u s unsu r f aced c r a c k s r a d 
ating from the ke rne l in te r face , as s.hown in F ig . I I . T h e s e c r a c k s h ' 
a r e usua l ly n o r m a l to the sur face of the k e r n e l , a r e p r i m a r i l y due to 
g r a i n - b o u n d a r y l iquation. 



112-5050 

Fig. 10. Arrest of Forced-crack Propagation by Weld Nugget due to Absence of Continuous Grain Boundaries 
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Fig. 11. Cracks Radiating from the Weld Kernel 

A t h i n z o n e of t h e c l a d d i n g , a p p r o x i m a t e l y 0 . 0 0 1 i n . 
t h i c k , w a s found to b e c a r b u r i z e d i n t h e b o n d e d z o n e a t t h e w e l d n u g g e t s . 
No b a r r i e r w a s u s e d t o p r e v e n t t h e m i g r a t i o n of c a r b o n d u r i n g t h e c l a d 
d i n g p r o c e s s . 

(2) C l a d d i n g f r o m 2 - i n . - t h i c k P r a c t i c e P l a t e 

T h e t h r o u g h c r a c k i n g of t h e c l a d d i n g o n t h e p r a c t i c e 
p l a t e f o l l o w e d a d i f f e r e n t m e c h a n i s m , i n a s m u c h a s a l l c r a c k s a p p a r e n t l y 
s t a r t e d a t t h e e x p o s e d s u r f a c e s . 

R a d i a l c r a c k i n g p a t t e r n s a r o u n d t h e k e r n e l s of t h e 
n u g g e t s in t h e p r a c t i c e p l a t e w e r e s i m i l a r t o t h o s e s e e n i n t h e v e s s e l . 
M i g r a t i o n of c a r b o n b e t w e e n t h e c a r b o n s t e e l a n d t h e s t a i n l e s s s t e e l w a s 
l e s s p r o n o u n c e d i n t h e t e s t p l a t e , p r o b a b l y b e c a u s e t h e t i m e a t t h e 1 1 5 0 ° F 
s t r e s s - r e l i e f t e m p e r a t u r e w a s c o n s i d e r a b l y l e s s t h a n t h a t f o r t h e r e a c t o r 
v e s s e l . 



29 

(3) Cladding from 4-in. Lower Head Plate 

This plate was a part of the heat of steel used in the 
construction of the vessel shell but was not subjected to the fabrication 
processes and the subsequent s t r ess history of the reactor vessel . It 
was essentially "as-clad" SA-212-B material , which had been exposed to 
atmospheric environment during 4 to 5 years of unsheltered outdoor 
storage. Dye-penetrant examination of the cladding, as previously de
scribed, revealed that the surface was cracked to approximately the ex
tent found in the cladding of the reactor vessel (steam zone). 

Microscopic examinations of sections parallel and 
t ransverse to the nugget-rolling direction showed three types of inter
nugget c racks . These were: 

(a) Cracks originating at the surface and partially 
propagated toward the interface (Fig. 12). 

m?f--' 

Fig. 12. Cracks Originating at the Type 304 Stainless-steel Surface 
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(b) C r a c k s o r ig ina t ing at the i n t e r f a c e and p a r t i a l l y 

p ropaga ted toward the sur face (F ig . 13). 

tfii 

Fig. 13. Cracks Originating at the Interface and Partially Propagated toward 
the Surface 

(c) Through c r a c k s o r ig ina t ing at the s u r f a c e but 
none or ig ina t ing at the i n t e r f ace . 

Except for va r i a t i ons in d i m e n s i o n s , s t r u c t u r e s in the nugget r e g i o n w e r e 
s i m i l a r to the s t r u c t u r e s in the r e a c t o r v e s s e l . 

(4) SA-212-B V e s s e l Wall 

Although the c r ack ing of the v e s s e l c ladding was of 
g r e a t i n t e r e s t , al l s a m p l e s examined w e r e s e a r c h e d p r i m a r i l y for e v i 
dence of c o n c u r r e n t c r ack ing of the S A - 2 1 2 - B v e s s e l p l a t e . S e v e r a l 
m i c r o c r a c k s in the SA-212-B , ranging up to 0.008 in. in depth , w e r e 
found. A n u m b e r of the deepe r m i c r o c r a c k s w e r e fil led with i n t r u d e d 
Type 304 s t a i n l e s s s tee l f rom the cladding p r o c e s s , a s shown in F i g s . 14 
and 15. Many in t ru s ions of mol t en s t a i n l e s s s t e e l into oxide i n t e r f a c e s 
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Fig. 14. Microcracks in Surface of SA-212-B Plate (Note intrusion of Type 304 stainless steel) 

i*:'̂  j.?^fcii*iii;Jlf£^*-.w^ i viT̂ aSi-

41935 
103X 

Fig. 15. Inuusion of Type 304 Stainless Steel into Pre-existing Microcracks of SA-212-BPlate 
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were also found. A zone of decarburization, 0.010 in. max, was found m 
the SA-212-B steel, as shown in Fig. 16. This was later verified by 
microhardness examination. Metallographic studies conclusively showed 
that these microcracks in the SA-212-B existed before the c adding was 
applied and were probably formed in the initial fabrication of the plate 
None of the specimens examined showed any evidence of propagation of 
the surface microcracks as a result of the cladding process , vessel fab
rication, or reactor operation. Propagation of these microcracks is not 
expected in the future operations of the vessel , which will be operated at 
the same or lower pressure and temperature levels as m the past. 

cS7 

61X 
Fig. 16. Decarburized Zone of SA-212-B Plate at Type 304 Stainless-steel Interface 



33 

b. General Observations 

(1) The cladding cracks were intergranular, as shown in 
Figs. 17 and 18. 

(2) None of the inter-nugget cladding cracks propagated 
across the unbonded boundary between the Type 304 s tainless-s teel clad
ding and the SA-212-B base plate. In the bonded region, all cracks in the 
wrought Type 304 s ta inless-s teel cladding were stopped by the fusion 
boundary of the kernel . 

(3) The actual bonded area between the clad and the base 
metal is less than 20% of the total interface area . 

(4) The microcracking of the kernel is contained wholly 
inside the dendritic s tructure of the kernel. 

(5) The wrought Type 304 s tainless-s teel cladding is 
sensitized. This occurred during the fabrication of the vessel . The equiaxed 
grains of the very fine-grained steel are prominently outlined by con
tinuous networks of carbides, as shown in Fig. 19. 

T 

128X 

Fig. n . Intergranular Cracking in Type 304 Stainless-steel Cladding 
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Fig. 18 

Intergranular Cracking in Type 304 Stainless-

steel Cladding 
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Fig. 19. Continuous Carbide Network in Type 304 Stainless Steel 



(6) The fine dendritic structure of the kernel contains 
typical hot tears as well as rejected carbides, as shown in Fig. 20. 
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Fig. 20. Micro Hot Tears. Wholly Cwitained in Nugget 

(7) The s ta inless-s teel nugget (surface thumb print) is 
biphased and consists of an upper deformed wrought structure and a lower 
kernel cast s t ructure . 

(8) The general s tructure of the SA-212-B plate is that 
of a typical normalized and tempered carbon steel, as shown in Figs. 9, 
13, and 21. 

(9) In the bond region, the SA-212-B vessel steel was 
heated by the welding current (without melting) to the austenitizing tem
pera ture , quenched in situ by conduction into the interior of the carbon 
steel plate, and subsequently tempered. The transformed structure in 
the SA-212-B bonded area is shown in Figs. 14. 16. and 22. 

(10) In the bond region, the SA-212-B vessel steel was 
decarburized to a depth of 0.010 in. max (see Figs. 15 and 16). and the 
SS Type 304 was carburized to a depth of approximately 0.001 m. (see 
Figs. 15 and 20). 
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Fig. 21. Typical Micro Structure of SA-212-B Plate from Reactor Vessel 

69X 

Fig. 22. Typical Quenched and Tempered Structure of SA-212-B Plate at Bonded Area. 
Note that decarburization occurred after welding. 
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(11) No b a r r i e r was used in the cladding process to pre
vent the migration of carbon from the SA-212-B to the SS Type 304 
cladding. 

(12) The physical dimensions of the nugget on the exposed 
surface were fairly constant, but the kernel size varied. 

4. Hardness Surveys 

Microhardness surveys on the s tainless-s teel cladding and the 
SA-212-B steel of the p ressure -vesse l -boa t samples were locally affected 
by the migration of carbon across the bond zone. The hardening of the 
s ta in less -s tee l cladding or the softening of the SA-212-B steel is not 
significant as far as the propagation of cracks or the strength of the 
vessel is concerned. Results of the hardness survey of both metals a re 
summarized in Figs . 23, 24, and 25. 

5. Induced Crack Propagation 

Samples of the 2-in. practice plate, containing superficial 
surface c racks , were bent to force their propagation across the thickness 
of cladding. Interrupted slow bend (tensile) tests were used to propagate 
the embryo cracks under s t r e s s . For the two crack locations of interest , 
i .e. , the inter-nugget crack and the nugget in-line crack, the SA-212-B 
steel was permanently bent to develop the crack in the clad mater ia l . 
Samples were approximately 3/4 in. thick (cladding plus SA-212-B steel). 

Incremental bending of the sample containing an inter-nugget 
crack, propagated to the unbonded interface incrementally. Continued 
bending only opened the crack along its entire length without propagation 
across the interface. 

Similar resul ts were obtained from the forced development of 
an embryo crack in the wrought portion of the cladding overlaying the cast 
s t ructure of the kernel . The crack was stopped by the fusion line of the 
kernel and is i l lustrated in Fig. 10. 

D. Possible Cracking Mechanisms 

Chemical, macroscopic , and microscopic examinations of the 
Type 304 s ta in less -s tee l cladding welded to the SA-212-B steel plate 
yielded much graphic and qualitative data. 

Simple and straightforward calculations indicate that the most 
probable causes of cracking can be attributed, initially, to the differences 
in the behaviors of mater ia l s during the fabrication stage, and, later to 
low-cycle fatigue fai lures. Other failure mechanisms undoubtedly aided 
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F'g- 24. Hardness Survey (DPH) of Boat 
ample from Reactor Vessel. Note effect of carburization and decarburization, particularly at inuusions. 
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UNAFFECTED SST 304 

Fig. 25. Hardness Survey of Weld Nugget Area (DPH) 

in the deve lopment of loca l i zed f r a c t u r e s of the r e a c t o r v e s s e l c l add ing , 
i n a s m u c h as a l l of the Type 304 s t a i n l e s s s t ee l was s e n s i t i z e d in i t i a l ly 
by t h e r m a l hea t t r e a t m e n t s at the f a b r i c a t o r ' s p lant . D i s c u s s i o n of the 
pos s ib l e c r a c k i n g m e c h a n i s m s fol lows. 

1. Chlor ide S t r e s s - c o r ros ion Crack ing 

The aus ten i t i c s t a i n l e s s s t e e l s of the 300 s e r i e s a r e s u s 
cept ib le to c r ack ing by a ch lo r ide s t r e s s - c o r r o s i o n m e c h a n i s m . Gen
e r a l l y , the m e c h a n i s m r e q u i r e s the s i m u l t a n e o u s p r e s e n c e of c h l o r i d e 
ions , oxygen, and s t r e s s . When c r ack ing under t h e s e cond i t ions is 
o b s e r v e d under the m i c r o s c o p e , the c l a s s i c b r a n c h e d "forked l igh tn ing" 
t r a n s g r a n u l a r pa t t e rn is found. However , in some r a r e i n s t a n c e s , i n 
t e r g r a n u l a r c r ack ing has a l so been r e p o r t e d ; the m e c h a n i s m of c r a c k 
ing in the unusual c a s e s was o b s c u r e d by a b n o r m a l g r a i n b o u n d a r y 
condi t ions . 

The p r e s e n c e of ch lo r ide s is not r e q u i r e d to expla in the 
c r ack ing of the v e s s e l c ladding, al though c h l o r i d e s may have c o n t r i b 
uted to the p r o c e s s . S t r e s s - c o r r o s i o n c r a c k i n g m u s t in i t i a te at the 
locus of a ch lo r ide concen t ra t ion . Even gran t ing that c h l o r i d e s t r e s s -
c o r r o s i o n c rack ing can occur as an i n t e r g r a n u l a r phenomenon , it has 
been shown that the 2- in . p r a c t i c e plate c r a c k e d on the o u t e r s u r f a c e 
and p ropaga ted t owards the i n t e r f a c e . It has fu r the r been shown that 
much of the c rack ing of the ac tua l r e a c t o r v e s s e l c ladding i n i t i a t e s at 
points o the r than at the i n t e r f ace . 

Although high cladding s t r e s s e s , oxygen, and a b n o r m a l g r a i n 
b o u n d a r i e s ex i s ted s imu l t aneous ly in the r e a c t o r v e s s e l , the u s e of an 
ion -exchange pur i f ica t ion s y s t e m main ta ined r e a c t o r w a t e r that was e s 
sen t i a l ly f ree of ch lo r ide ions . Thus , the exposed s u r f a c e of the c l a d 
ding was f ree of ch lo r ide i o n s . Ch lo r ides may be p r e s e n t at the i n t e r f a c e . 
Oxygen and w a t e r , however , a r e r e q u i r e d to fo rm the a c t i v e , c h l o r i d e 
s t r e s s - c o r r o s i o n , c rack ing m e c h a n i s m . This m e c h a n i s m , to be effect ive 
at the i n t e r f a c e , thus r e q u i r e s a p r i o r b r each ing of the c ladd ing b a r r i e r . 
Hence , de sp i t e the probable p r e s e n c e of s m a l l a m o u n t s of c h l o r i d e s at 
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the cladding interface, it is not believed that the chloride s t r e s s -
corrosion cracking mechanism was a primary cause of the EBWR 
vessel cladding cracking because: 

a. The cracks in the cladding of the 2-in. practice plate 
(which should be the most susceptible to s t ress -cor ros ion cracking by 
virtue of a moderately high chloride ion content at the ca rbon-s tee l / 
s ta in less -s tee l interface) originated at the surface. 

b. One cri ter ion for s t ress -cor ros ion cracking, when small 
amounts of chloride ions a re present, is a nneans of concentrating the 
chlorides, as at a wate r / s team zone where the water ca r r i e s chlorides 
which precipitate out on evaporation. This condition does not exist at 
the SA-2 12-B/Type 304 interface in the reactor vessel unless the clad
ding has already been breached, and even then the reactor primary 
coolant is so carefully controlled that the presence of chloride ions is 
highly unlikely. 

c. Many cracks are internal with respect to the Type 304 
stainless steel, extending neither to the surface or the interface. 

2. The rma l - s t r e s s and Fatigue-failure Mechanisms 

The most probable vessel-cladding cracking mechanisms 
a re believed to be thermally induced mechanical-s t ress ruptures and 
low cycle fatigue failures. The ensuing analyses explain the various 
cracking modes (through-cracking, radial, and lamellar) and are based 
on metallographic evidence. The magnitudes of the multiaxial s t ress 
states a re computed from the original internal msmoranda on vessel 
fabrication details, heat- t reatment furnace charts , and mi l l - tes t - repor t 
data. 

a. Through-cracking of SS 304 Cladding 

Through-cracking of the cladding in the vessel with 
propagation from the exposed surface to the carbon-steel interface, 
converse propagation, and simultaneous propagations from both surfaces 
were observed. Although there is no direct evidence for the mechanism. 
the ruptures are believed to be multiaxial the rmal - s t ress ruptures gen
erated in the spot-welding process and subsequent forming and heat-
treating operat ions. 

The model for the cladding-cracking mechanism comes 
from a consideration of the spot-welding process . In the process, linear 
rows of "thumb-print" nuggets were formed two at a time (about 16 in. 
apart) sequentially at short time and distance intervals . Adjacent rows 
were formed on the return portion of the welding machine cycle. In con
sequence, a thermal gradient was maintained between in-line nugget 
neighbors and neighboring rows throughout the cladding operation. The 
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p h o t o m i c r o g r a p h i c ev idence for the r ap id cool ing of the m e l t e d c ladd ing 
nugget is the f i n e - g r a i n e d t r a n s f o r m e d s t r u c t u r e of the s t a i n l e s s - s t e e l 
k e r n e l and the under ly ing t r a n s f o r m e d but u n m e l t e d s t r u c t u r e of the 
c a r b o n - s t e e l plate at the bond i n t e r f a c e . Since the t h e r m a l conduc t iv i ty 
of the c a r b o n - s t e e l p la te is g r e a t e r than the o v e r a l l h e a t - t r a n s f e r coef
ficient to coolant w a t e r , the bond r eg ion was c o o l e r and s t r o n g e r than 
the hea ted and unmel ted c ladding above the k e r n e l . F u r t h e r cool ing of 
the nugget i n c r e a s e d t ens i l e s t r e s s e s unt i l r u p t u r e o c c u r r e d . Minor 
t h r o u g h - c r a c k i n g of the flat s t a i n l e s s - s t e e l pane l s s u b s e q u e n t to the c l ad 
ding ope ra t ion was de tec t ed and r e p a i r e d by welding be fo re the p l a t e s 
w e r e fo rmed into the v e s s e l conf igura t ion . 

b . Radia l Crack ing f rom Weld Nugget 

Longitudinal and t r a n s v e r s e - s e c t i o n m i c r o g r a p h s show 
that the k e r n e l of the nugget is ob la t e . This k e r n e l was f o r m e d when the 
s t a in l e s s s t ee l was m e l t e d loca l ly by the p a s s a g e of welding c u r r e n t . Its 
unbonded b o u n d a r i e s a r e subs tan t i a l ly l a r g e r than t hose of the bond a r e a . 
The k e r n e l i s s u r r o u n d e d by unme l t ed wrought SS 304 and the c a r b o n -
s tee l b a s e p la t e . In e s s e n c e , th is cons t i tu ted a conta ined h y d r a u l i c s y s t e m 
whose bounda r i e s w e r e rup tu red by a m o l t e n s t a i n l e s s - s t e e l c o r e . The 
fa i lure of a m e m b r a n e by h y d r o s t a t i c p r e s s u r e is r a d i a l , with c r a c k s 
subs tan t ia l ly n o r m a l to the su r f ace , as o b s e r v e d in F i g . 26. Also o b s e r v e d 
w e r e e x t r u s i o n s of mol t en cladding m a t e r i a l into the m i c r o v o i d s at the 
SA-212-B boundary , which provided a p a r t i a l r e l i e f of the p r e s s u r e f o r c e s . 

«919 128X 

Fig. 26. Radi.ll Cracks at Interface between Weld Nugget and Unaltered Type 304 Stainless Steel 

http://Radi.ll
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c. Lamellar Cracking of SS 304 Cladding 

Lamellar cracking of the cladding was observed in the 
vessel shell boat samples and in the 2-in.-thick practice plate. Although 
there is no direct metallographic evidence for shear-type failures, the 
ruptures a re believed to be associated with the "normalizing" heat t rea t 
ment of the SA-212-B plate. The heat treatment consists of heating the 
cladded carbon-steel plate to the austenitizing temperature of the 
SA-212-B steel (I6OO/1 650°F), followed by cooling in still a i r . The heat 
t reatment yields a steel with a uniform structure. 

At the normalizing temperature, both the carbon steel 
and stainless steel are plastic, and since holding time at tennperature 
is long (one hour per inch of thickness), residual s t resses are relaxed. 
In the cooling process , both steels contract, but not uniformly; the coef
ficient of expansion is greater for the SS 304 than for the carbon steel. 
Tensile s t r e s se s are induced in SS 304, while the base carbon steel is 
s t ressed in connpression; s t ress intensities are inversely proportional 
to the thicknesses of the two members joined. 

Since the members are joined by the spot welds, the 
tensile cladding forces are transmitted to the much thicker backing plate 
by bending moments. The stiffness of the beam sections are proportional 
to the square of the thickness. 

A simplified analysis of a composite beam consisting of 
a 0.109-in.-thick SS 304 cladding attached to the 2j^ -in. carbon-steel 
backing, shows that the welded-on (resistance-spot) cladding will rupture 
in tension when cooled from the normalizing temporature. The computed 
s t r e s se s are as follows: 

E,a,At EjttzAt 
°t = JiTTjr) - 2(1-^)' 

where 

Of = thermal s t r ess 

El and Ej = modulus of elasticity of SA-212-B carbon steel and 
SS 304 cladding, respectively, 

= 28 X 10' psi; 

a i = coefficient of expansion of carbon steel 

= 6.3 x 10"' in . / in . / °F (at room temperature); 
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and 

ttj = coefficient of expansion of SS 304 cladding 

= 9.5 X 10"' in . / in . / °F (at room temperature) ; 

l_i = Poisson's ratio 

= 0.3 (for both SA-212-B and SS 304 steels); 

At = 1540°F (cooling from 1600 to 60°F). 

The thermal -s t ress equation reduces to 

â  = -0.715 EAaAt, 

0t = -98,500 psi (tension). 

The computed value of tensile s t ress in the SS 304 clad
ding is above the short-t ime ultimate tensile strength of the steel over 
the temperature range of interest . 

The compressive s t ress in the base carbon-steel plate 
is negligible, approximately one-eighth of the yield strength, viz., 

Oj, = 98,500 X , ' , , - , = 4410 psi (compression). 

The ratio of the stiffnesses of the beam elements, in 
bending is 

/2.437\^ 
\0.109/ 498. 

This ratio is far in excess of the ratio of changes in 
modulus of elasticity over the temperature range considered, and the 
vessel shell plate is a "strong back" which loads the SS 304 cladding 
under all cooling conditions below 1600°F. 

Since bending moments in a beam are transmitted by 
horizontal shear forces, the observed lamellar cracks in the SS 304 clad
ding are shear failure manifestations of beams loaded to destruction. 

The metallographic findings and calculations thus sup
port our conclusions of the nature of cladding cracking, i.e., s t r e ss 
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rup ture . The calculations also explain the reasons for the necessity of 
r epa i r s to the cladding in the fabricator 's shops before shipment of the 
vesse l . The metallographic examination and calculations therefore 
emphasized the need for establishing the c r ack -a r r e s t properties of the 
cladding-to-shell boundary and which were explored in laboratory bend 
tes t s previously described. 

The following calculation reveals that the reactor s ta r t 
up and shutdown cycles superimposed a low-cycle fatigue mechanism 
over the high s t r e s s state of the cladding, which explains the presence 
of c racks (post-lOO-MWt operation) and their apparent absence in the 
1959 modification of the EBWR. When the reactor is brought up to its 
operating p re s su re and temperature of 600 psig and 489°F, respectively, 
the reactor shell and cladding a re : 

(1) Stressed elastically (at pressure) , and 

(2) Stressed thermally. 

The elastic p ressure s t r e s s i s , approximately, 
12,500 psi (tension). 

The differential thermal s t r ess in the cladding is : 

EAaAt 
" " 2(1 -M) 

_ 28 X 10' X 3.5 X 10"'(489 - 60) . 
' 2(1 -0.3) 

= 30,000 psi (compression). 

The net s t r e s s range is +30,000 - 12,500 = +17,500 psi, 
since the cladding expansion is greater than the elastic expansion of the 
steel to which the cladding is attached by the process of resis tance spot 
welding. As the reactor heats up, tensile s t r e s se s a re reduced from the 
ultimate (at room temperature) by 17,500 psi, and, to a value below the 
ultimate strength at the hot (489°F) condition. Thus, cracks are propa
gated by cyclic fatigue, which is t ime-dependent. F rom this calculation, 
it is predicted that additional cladding cracks will appear on the surface 
in the future, propagated from unsurfaced cracks , which are metal lo
graphically known to be present . 

It is believed that the mechanism exerting the greates t 
influence on the observed cracking is the la t ter . Contributions from the 
chloride-ion s t r e s s - c o r r o s i o n cracking mechanism following the breach
ing of the cladding a re improbable. 
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III. EVALUATION 

A. F r a c t u r e Ana lys i s 

It has been d e m o n s t r a t e d that a l l c r a c k p r o p a g a t i o n in the s t a i n l e s s -
s t ee l cladding is i n t e r g r a n u l a r and that , in fact , p r o p a g a t i o n is a r r e s t e d 
where c h r o m i u m ca rb ide g r a i n b o u n d a r i e s do not ex i s t (see F i g . 10). No 
propaga t ion of c r a c k s a c r o s s the s t a i n l e s s - and c a r b o n - s t e e l i n t e r f a c e has 
been o b s e r v e d nor i s to be expec ted s ince t h e r e is no cont inu i ty of the 
s t a i n l e s s - s t e e l g r a i n b o u n d a r i e s in the weld nugget nor in the unbonded 
a r e a s . 

A thorough r ev i ew h a s been m a d e of the po ten t i a l effect of defec ts in 
the SA-2 12-B plate on r e a c t o r v e s s e l i n t eg r i t y , including g r o s s r u p t u r e type 
fa i lu re . The sur face of the SA-212-B plate on the i n t e r f a c e s ide i s , in a l l 
o b s e r v e d a r e a s , f ree f rom signif icant de f ec t s . Some d e c a r b u r i z i n g to a 
depth of 50-250 m i c r o n s is evident in the bonded r eg ion . T h i s d e c a r b u r i z a 
t ion is un impor t an t in that it has no b e a r i n g on e i t he r the s t r e n g t h of the 
2 i - i n . - t h i c k r e a c t o r v e s s e l plate nor on the f r a c t u r e - m e c h a n i c s hypothes is 
r e l a t e d t h e r e t o . 

It has been shown that the NDT^^ (n i lduc t i l i ty t e m p e r a t u r e ) of the plate 
used for th is v e s s e l is about 80°F. On th i s b a s i s , the F T P ( f r ac tu re t r a n s i 
tion, p la s t i c ) of th is m a t e r i a l i s 200°F and the F T E ( f rac tu re t r a n s i t i o n , 
e l a s t i c ) i s 140°F. F i g u r e 27 i n d i c a t e s ' that , at NDT + 60°F, a c r a c k 2 ft long 
s t r e s s e d at the yield s t r eng th will not p r o p a g a t e . 

TENSILE 
STRESS 

t YIELD 
' STRESS 

INITIATION CURVES 
(FRACTURE STRESSES 
FOR SPECTRUM OF 
FLAW SIZES) 

N0T-).30"F NDT + 60"F 
TEMP. - • 

NDT + I20°F 

Fig. 27. Generalized Fracture-analysis Diagram, as Referenced by NDT Temperature 
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The only mechanism of crack growth above CAT (crack a r r e s t 
tempera ture) at s t r e sses less than yield is fatigue. Since neither mechani
cal nor thermal s t r e s s cycling is of sufficient magnitude or frequency to 
achieve this growth at temperatures of operation (which are above CAT), it 
is not reasonable to assunne crack propagation in the vessel plate. The 
ASME Boiler and P r e s s u r e Vessel Code, Section III, Appendix 1, gives the 
minimum thickness requirement as 

_.. - 0.5P 

Under EBWR conditions, 

^ _ P(R + 0.5t) ^ 
11,500 psi, or 

25.3% of Y.S. based on actual mill tes ts 

or 

30.3% of Y.S. based on minimum specifications, 

which represen ts a 

factor of safety of 6 | based on actual T.S. as determined by mill 
tes ts 

factor of safety of 5 j based on minimum T.S. from specifications. 

Also considered was the effect of irradiation on NDT. It is estimated 
that the maximum nvt >l MeV to which any part of the EBWR vessel has 
been exposed is 8.65 x lO", and the projected nvt >1 MeV for 80 MW-yr 
(the maximum anticipated during the Plutonium Recycle Program) is 
<3 x lO'*. It has been shown, and it is accepted generally, that there is an 
insignificant effect of irradiation on NDT of SA-212-B steel resulting from 
exposure of nvt >1 MeV up to 10'». Figures 28 and 29 indicate'' that, at 
nvt >1 MeV = 3 x lO'^, the NDT increases about 150°F, which would result in 
FTE of 290 or 200°F below operating temperature of EBWR. This subject 
is discussed in more detail in Appendix B of the "Safety Analysis Associ
ated with the Plutonium Recycle Experiment in EBWR." 
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Fig. 28 
Increase in NDT Temperatures of Steels 
Resulting from Irradiation atTempera-
tures below 450°F 

" i Q l ^ lO'S 1019 I 0 2 0 " I 0 2 ' 

INTEGRATED NEUTRON EXPOSURE (n/cm^ > I Mev) 

Fig. 29 

Increase in NDT Temperatures of Steels 
Resulting from Irradiation at Tempera
tures above 450°F. Points at 5 x 10^^ n/ 

2 
cm represent early irradiations in the 
Brookhaven Graphite Reactor at 500 to 
600°F. 

z u 
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PLATE 

A353 
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IQie |0'9 |020 loZI 10^2 

INTEGRATED NEUTRON EXPOSURE (n/cm2 > I Mevl 
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B. Corrosion of SA-212-B 

Inasmuch as it is proposed to operate the pressure vessel without 
recladding the a reas of SA-212-B laid bare as a result of grinding away 
through cracks in the cladding and taking boat and strip samples, the pos
sible corrosion effects have been evaluated. 

_9 1. The general corrosion of SA-212-B in 500°F oxygenated water 
is about 400 m g / d m y m o , or about 0.0025 in . /yr (2.5 mpy). Since the vessel 
walls a re 9 / l 6 in. (in the gouged a reas ) thicker than dictated by the ASME 
Boiler and P r e s s u r e Vessel Code for 650-psi design, many t imes the antici
pated general corrosion rate can be accommodated. 

2. While the corrosion of carbon steel coupled to austenitic stain
less steel might be expected to accelerate due to galvanic effects, particu
larly in view of the relatively small area of SA-212-B exposed, it must be 
kept in mind that the working fluid is a poor conductor. In April 1958, 
Ber ry and Fink of BMI, in a report to the International Nickel Company, Inc., 
stated, "Galvanic coupling of Inconel to steel (carbon) or to Type 347 stain
less steel does not accelerate attack on either member of the couple when 
exposed to reactor waters ." Since the potential (negative to saturated 
calomel) of Inconel is essentially the same as that of the 300 ser ies stain
less s teels , it would appear that no deleterious galvanic corrosion effects 
will occur between the stainless steel and the SA-2 12-B plate. 

3. Some pitting corrosion is possible in the crevices formed by the 
interface of the SA-2 12-B steel with the Type 304 stainless steel. The role 
of dissolved oxygen is believed to be the controUiiig factor in pitting. If 
oxygen is present in small amounts, and the corro'ding solution is stagnant, 
passivity may not be preserved over the entire surface and pits may develop. 
If the concentration of oxygen is sufficient to maintain an unbroken passive 
film over the entire surface, pits will not form. In the absence of oxygen or 
some other oxidizing agent, the cathodic a reas will not be depolarized and 
the development of pits will be a r res ted . 

It is therefore concluded that pitting, if any, will be self-limiting 
(due to broadening into "dimples" or by ultimate exclusion of all corrodent 
from the bottom of the pit) at shallow depths. In addition, the thickness of 
the SA-212-B steel wall of the reactor pressure vessel exceeds Code r e 
quirements by about 9/16 in. Thus, prolonged operation can be sustained 
at the general corrosion rate of 0.0025 in . /yr . 

C. Change in Design P r e s s u r e Rating 

The integrity of the EBWR pressure vessel is augmented by a change 
in the design pressure rating, brought about by c i rcumstances in no way 
re la ted to the cracking of the vesse l cladding or, for that mat ter , to the 
ves se l in any way. 
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During the examination of the EBWR pr imary piping system, it was 
established that the 8-in. reboiler piping was SA-358 welded pipe in its 
entirety. The maximum pressure limit was calculated by using the equations 
of the 1955 ASA B.31.1 Power Piping Code. The maximum allowable p res 
sure was found to be 750 psig, when a C constant, 0.065 in., was included 
in the wall-thickness calculation. Although this computed pipe wall was 
just under the thickness required to meet ASA Piping Code interpretation 
for 800 psig, the pipe was accepted m 1960 for the following reasons: 

1. Welded pipe has a more uniform wall thickness and concentricity 
than a seamless pipe. 

2. Welded pipe was immediately available. 

3. The pipe installed was spot X-rayed. 

4. Mill hydrostatic test at 1500 psig was performed on the pipe. 

Because the pipe was radiographed and its strength was demon
strated by the abnormally high miU-hydrotest p ressure , the requirements 
of Section VIII of the ASME Code were met for 800-psi service . 

System design pressure was, however, reduced from 800 to 650 psig 
in view of the limitations of the two Codes and because neither the prior 
operating history of EBWR nor the plans for the future operating of the 
reactor plant exceed 600 psig. The rerating v/as accomplished by a sub
stitution of valve springs to two of the safety valves already m the system. 
This decision was made despite the fact that the entire pr imary system, 
which included the reboiler system, was tested satisfactorily in the past at 
1200 psig. 
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IV. REACTOR VESSEL SURVEILLANCE PROGRAM 

The EBWR reactor vessel contains cladding cracks and intentional 
cladding defects resulting from the investigative procedures. This has r e 
sulted in exposure of the SA-212-B carbon-steel vessel to the reactor cool
ant. It is reasonable to assume that the previous operation of the reactor 
included operation with cracked cladding in the reactor vessel . Subsequent 
inspection has revealed no deleterious effect of such operation and no evi
dence of c rack propagation into the carbon-steel vessel wall and/or un
acceptable corrosion of the vessel wall. During future operation of the 
reac tor , a surveillance program will be employed on the reactor vessel to 
insure that this situation continues. 

This surveillance program will recognize that the condition of the 
reac tor vesse l may have been changed as a result of the exposure of the 
vesse l where it has been laid bare by the removal of cladding. It will also 
reflect that only the upper half of the vessel is accessible for inspection. 

A. Prepara t ion of Vessel for Surveillance 

To detect s t ructural changes in the cladding and the carbon-steel 
vesse l wall during future operations, a reference condition has to be estab
lished. Surveillance will be conducted to determine what is happening to 
the cladding and its significance on continued reactor operation; to deter
mine whether any cracking develops in the SA-212-B carbon steel vessel 
wall; and to determine the amount and significance of corrosion. 

Dye-penetrant testing will be utilized to identify new cracking by 
comparison with photographic records of previous conditions. 

An optical depth micrometer has been used to establish reference 
points for the SA-2 12-B steel prior to reactor operation. During scheduled 
shutdown periods, corrosion will be measured and compared with the refer
ence measurement s . 

Inspections will be conducted in four specific a reas of the upper 
course of the vessel ; in two panels (one in the water zone, one in the steam 
zone) that show essential ly no indication of surface cracks, and in two panels 
(in these zones) that do show evidence of surface cracks . To facilitate this 
surveil lance, the lower section of the upper shock shield (which covers the 
clad region in the water zone) has been modified by installation of two r e 
movable panels over the a r ea s selected for surveil lance. Sufficient area of 
the s team zone can be inspected without removing any vessel components. 



52 

B. Cladding S u r v e i l l a n c e 

The upper c o u r s e of the r e a c t o r v e s s e l h a s had c l add ing r e m o v e d 
(by gr ind ing) in v a r i o u s a r e a s , a s i nd i ca t ed in F i g . 1. Al l unc lad a r e a s have 
been pho tograph ica l ly documen ted for r e f e r e n c e and c o m p a r i s o n in future 
i n s p e c t i o n s . Any unusua l condi t ions that deve lop wi l l be e v a l u a t e d . 

The inc idence of c ladding c r a c k i n g in the s t e a m zone (upper q u a r t e r 
of the v e s s e l ) is s e v e r a l t i m e s g r e a t e r than tha t in the w a t e r zone . In the 
l a t t e r a r e a , c r a c k i n g inc idence d i m i n i s h e d a s the bel t l ine was a p p r o a c h e d . 
Only two inc iden t s of c r a c k i n g w e r e found in the r e g i o n about 6 in. above the 
c i r c u m f e r e n t i a l weld loca ted n e a r the c e n t e r of the v e s s e l . 

Only the upper half of the v e s s e l i s a c c e s s i b l e for i n spec t ion ; the 
lower half of the v e s s e l i s m a d e i n a c c e s s i b l e by a t h e r m a l sh i e ld and core 
componen t s , a s v/ell a s being highly r a d i o a c t i v e . Any c ladd ing c r a c k i n g that 
m a y ex i s t in the lower half of the v e s s e l i s b e l i e v e d to be no g r e a t e r than that 
found in the wa t e r zone . T h e r e f o r e , s u r v e i l l a n c e of the uppe r half of the ve s 
se l , including the s t e a m zone a s wel l a s the w a t e r zone , i s b e l i e v e d to p r o 
vide adequa te indica t ion of the condi t ion of the lower half. 

C. SA-212-B V e s s e l Steel S u r v e i l l a n c e 

Exposed SA-2 12-B r e a c t o r v e s s e l m a t e r i a l in the s u r v e i l l a n c e a r e a s 
wil l be r e t e s t e d with d y e - p e n e t r a n t to d e t e r m i n e if c r a c k i n g h a s b e e n in i t i 
a ted . Any c r a c k s uncove red will be c a u s e for r e - e v a l u a t i o n . 

The g e n e r a l family of c a r b o n s t e e l s , which i n c l u d e s the SA-2 12-B 
v e s s e l s t ee l , c o r r o d e slowly in w a t e r - r e a c t o r e n v i r o n m e n t s . B e c a u s e the i r 
c o r r o s i o n p roduc t s do not a d h e r e to the c o r r o d e d s u r f a c e , t hey wi l l be r e 
l e a s e d to the coolant and c i r c u l a t e d t h r o u g h the c o r e . H o w e v e r , no g r o s s 
c o r r o s i o n of the SA-212-B s t e e l behind the c r a c k e d c l add ing h a s b e e n found. 
The safety of the v e s s e l for the p lanned o p e r a t i n g p r e s s u r e (600 ps ig) wil l 
be p r e s e r v e d b e c a u s e e x t r a t h i c k n e s s of S A - 2 1 2 - B m e t a l wa l l i s ava i l ab l e 
for c o r r o s i o n . The ASME Code (Section l) r e q u i r e m e n t for m i n i m u m th ick
n e s s of the v e s s e l for the 600 -ps i o p e r a t i o n s (with sa fe ty v a l v e s se t to open at 
650 ps i ) i s given by 

PD 
+ 0 .1 , 2SE - 0 .6P 

w h e r e 

P = 650 ps ig , 

S = 17,500 ps i , 

E = 1.0 (for p la te) . 
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and 

D = 84.625 in. (max diam at root of boat sample gouge). 

so that 

650 X 84.625 „ , 
+ O.l 2 X 17,500 X 1.0 - 0.6 X 650 

= 1.69 in. 

The minimum wall thickness, at the root of the boat sample gouge, is actual 
plate thickness minus the depth of gouge, or 

tactual = 2i^ - 3/I6 = 2 J in. 

The excess metal in the wall is 0.56 in. (~9/l6 in.). Although the ex
plored cracked length is large, the total exposed SA-212-B area is small: 
40 ft X 1/4 in. wide = approximately 1 ft^. Another equivalent amount was un
covered when s t r ip and boat samples were removed from the wall. Thus the 
total exposed area is less than l/2% of the internal vessel area . 

D. Corrosion Surveillance 

1. General Corrosion 

The general corrosion of SA-212-B in SOO^F oxygenated water ' 
is about 400 mg-dm"^-mo" ' , or about 0.0025 in . /y r . It is proposed that, if 
a rate of 1000 mg-dm"^-mo" ' (arbitrari ly selected) is exceeded, the effects 
of corrosion will be re-evaluated prior to continued operation. Since the 
EBWR vessel walls are 9/16 in. thicker than required by the ASME Boiler 
and P r e s s u r e Vessel Code, prolonged operation with these corrosion rates 
can be tolerated. 

Reference points have been established in the vessel wall to per
mit measurement of the corrosion ra tes by utilizing an optical micrometer 
sensitive to 0.001 in. Differences in the profiles before and after periods 
of operation will yield the corrosion rates in inches per year . 

2. Pitting Attack 

Pitting of SS Type 304 cladding has not been a problem in the past. 
Although pitting of the stainless cladding is not expected, accessible sections 
will be scrutinized periodically during the program for any indication of 
pitting. If pitting occurs , measurements will be made to establish r a t e s . 
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In future operations, a reas of the SA-212-B carbon-s teel vessel 
will be exposed to the reactor coolant wherever cladding was ground away to 
remove the cracks. Periodic inspection of the cladding during the grinding 
operation was carr ied on at the same time to determine the nature of the 
cracks. The channels ground out during this operation are about l /4 in. wide 
and account for about 40 lineal feet. Thus, a similar amount of carbon steel 
will be exposed to the reactor water. Such surface discontinuities occur in 
both the steam and the water zones of the upper half of the vessel . 

The exposed SA-212-B steel might be attacked by pitting corro
sion. This type of corrosion is influenced by temperature , oxygen concen
tration, and the presence of water. The role of dissolved oxygen is believed 
to be the controlling factor in pitting. If oxygen is present in small amounts, 
and the water or steam is stagnant, passivity may not be preserved over the 
entire surface and pits might develop. If the oxygen concentration is suffi
cient to maintain an unbroken, passive film over the entire surface, pits 
will not form. The consensus of corrosion experts discounts serious damage 
by pitting attack; pitting will be self-defeating by broadening into "dimples," 
or by the exclusion of the corrodent from the bottom of the pit. 

Direct measurements will be made to determine the depth and 
contours of any pits. At each inspection period, loose corrosion products 
(Fe203) will be brushed out prior to obtaining measurements with an optical 
depth micrometer . A l /4-in. maximum reduction of the wall thickness by 
local pitting during the Plutonium Recycle Program is considered acceptable. 
However, if pitting exceeds l /8 in. in depth between consecutive inspection 
periods, corrosive attack will be re-evaluated. 

3. Galvanic Corrosion 

Galvanic corrosion may be expected whenever two dissimilar 
welded metals form a closed electrical circuit. The severity of the attack 
is related to the voltage gradients developed in a particular system and the 
resistance of the electrolyte. The form of the attack may be either general 
(as in a lead storage battery) or local pitting. 

In the EBWR, water purity is high except in special c i rcum
stances which require the introduction of small amounts of boric acid. 
Since high-purity water is a good insulator, galvanic corrosion does not 
appear to be a problem. However, if galvanic-corrosion effects a re noted, 
the extent of the penetration into the interface area and into the SA-2 12-B 
mater ia l will be explored. The limiting penetration into the carbon steel 
shall not exceed that established for pitting corrosion. 
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E. Schedule 

All the disturbed vessel surfaces were conditioned by grinding to 
eliminate sharp edges and notches in order to eliminate s t r ess points and 
to establish an initial reference point for the vessel surveillance program. 
After the vesse l is loaded with its core, subsequent examinations are 
scheduled at approximately 6-month intervals to establish corrosion ra tes 
and incidence of cladding cracking. 

The inspections will include the unobstructed walls of the vessel in 
the s team zone above the shock shield, and localized a reas in the water zone 
made accessible by a modification of the shock shield. Dye-penetrant ex
aminations for bringing out details of any cladding cracks and vessel cracks 
will be the pr imary inspection tool. Corrosion rates will be measured with 
an optical mic romete r . 

Half couplings welded to the panels of the cladding for the high-
p res su re gas tes ts of cladding integrity have been retained for possible 
future use; the couplings were plugged to exclude any particulate matter . 

F . Water -chemis t ry P rogram 

The a rea of exposed SA-212-B steel within the reactor vessel is 
smal l « 0 . 6 % of the vesse l internal area) . Since its chemical composition 
is different from that of the cladding, it is believed that any significant r e 
lease of vesse l corrosion products to the water can be detected. 

Newly-installed high-capacity pumps in the ion-exchange system 
a re expected to remove corrosion products from the water at a faster ra te . 
This increased scavenging rate will reduce the previously established back
ground and will aid the vesse l -cor ros ion studies. Periodic monitoring of 
water purity, pH, g ross activity, and crud analyses will be carr ied out 
throughout the Plutonium Recycle P rogram. 
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V. CONCLUSIONS 

Cracks were found in the cladding of the EBWR reactor vessel . 
Visual and dye-penetrant inspections were made on numerous clad sur
faces as well as exposed surfaces of the carbon steel laid bare by the r e 
moval of cladding. Boat samples removed from the reactor vessel were 
examined in detail. Bend tests were performed on boat samples. There 
was no indication of crack propagation across the interface in all the 
examinations and tests performed. These findings are further supported 
by calculations that show the SA-212-B carbon steel to be the "strong 
back" of the clad plate, and that the cladding will rupture in tension. 

The most probable cause for the cracking in the cladding can be 
attributed, initially, to the differences in the behavior of the two metals 
during the fabrication stage, and later to low-cycle fatigue failures. 

Regardless of the actual mode of fracture in the cladding, it has 
been shown, through nondestructive and destructive t es t s , that it is highly 
improbable that cracks in the stainless steel will propagate into the 
SA-212-B carbon-steel plate. Fur thermore , cracking of the cladding 
appears to have originated with the cladding process and has existed 
during the entire operation of the reactor. The cladding never contributed 
a strength factor to the vessel, nor did its cracking create any identifiable 
deleterious effects. 

The removal of cladding as a part of the vessel examination re 
sulted in exposure of the interior of the SA-212-B carbon-steel vessel to 
the reactor environment. Although the corrosion of the carbon steel may 
increase in those areas , it is considered highly improbable that the in
crease can be of sufficient magnitude to impair the integrity of the vessel . 

The lower half of the vessel and the lower head were not examined 
because of high radiation levels and inaccessibility imposed by in-place 
core support structure and the boron s ta inless-s teel thermal shield. It 
was observed, however, that cracking of the cladding was most severe in 
the steam zone of the vessel, with progressively less cracking occurring 
below the water line and lower a reas . It is assumed, a pr ior i , that the 
cladding in the lower section of the pressure vessel is no worse than the 
condition of the cladding examined in the water zone. 

It is concluded that the reac tor -vesse l integrity has not been im
paired significantly, and that the reactor vessel is adequate for continued 
operation. 
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